Executive Summary
A critical element of the Humboldt County infrastructure is its vertical control network. The positions of bench marks (BMs) in the network are used for cadastral, roadways, engineering, and flood plain surveys. At the request of the Department of Public Works of Humboldt County, 333 km of the network nearest the 1992 Cape Mendocino earthquake was resurveyed by the National Geodetic Survey in late 1992, with 100 new BMs emplaced. Comparing the new heights with those measured before 1992 gives the vertical deformation associated with the earthquake, which includes motion caused by slip on the earthquake fault, earthquake-triggered surficial disturbances such as landslides and liquefaction, and settling of engineered structures due to earthquake shaking.
We find that 37 BMs in Humboldt County display height changes that can not be accounted for by the earthquake fault slip, and thus indicate monument, soil or structural instability: 18 BMs show subsidence caused by groundwatet withdrawal in the Eel River basin; 16 BMs show residual movement of less than a few centimeters, and 4 BMs show major disturbance of up to 4 m. One of the disturbed BMs lies near an earthquake-induced tension crack, and another is near the site of liquefaction in the Salt river bed. Nine of the disturbed BMs are set in bridge abutments or highway overpasses, and 6 are set in retaining walls, and thus might be indicators of structural weakness or incipient failure. In addition, the distribution of landslides, liquefaction, and road cracking reveals other sites of potential ground failure along highways, seawalls, and foundations. Some 1992 BMs could be resurveyed to monitor subsequent movement.
Using a model for the earthquake fault slip that best fits the geodetic and seismic observations of the earthquake, we infer the uplift of shoals and rocks offshore Humboldt County. We estimate mat 13 shoals lying in less than 3 fathoms (5.5 m) of water were uplifted by more than 0.45 fathoms (0.83 m), presenting increased hazards to coastal navigation. In addition, a 4 x 8 nautical-mile wide (7 x 14 km) zone is identified as the site of potential seafloor faulting with displacement of up to 3 m, and the head of Mattole Canyon is suggested as the site of possible seafloor landslides. These findings have been furnished to the U.S. Coast Guard for issuance as a Notice to Mariners, and to the National Ocean Survey of NOAA for bathymetric survey planning. We also find that the flood plain boundary of the Mattole river at Petrolia will be shifted by as much as 62 m (200f) as a result of the permanent change in elevation caused by the earthquake. God. We seek to portray or predict the permanent vertical and horizontal deformation that accompanied the 1992 Cape Mendocino earthquake throughout Humboldt County and its offshore extension. Our objective is to predict the displacement of geodetic monuments (leveling bench marks and GPS stations), cultural features (seawalls and roads), natural features (the Eel river flood plain), and hazards to navigation (shoals and submerged rocks). We have, however, no measurements of displacement offshore, and there is only a limited number of horizontal displacement observations (from repeated GPS surveys), and a sparse network of vertical elevation changes (from repeated geodetic leveling and observations of coastal uplift relative to sea level). To overcome this limitation, we determine the deformation field by finding the fault geometry and earthquake slip that are most compatible with the available geodetic and independent seismic observations of the earthquakes. We then use the fault model to predict the deformation everywhere at the earth's surface, both at locations where geodetic observations exist and also where they are absent ( Fig. 1) .
Scheme for Prediction of Earth Movement
Modeling Process. We compare displacements predicted for a large number of numerical models of the earthquake faulting to the observed displacements, treating the earthquake fault as a cut or discontinuity embedded in a stiff elastic solid. The fault slip produces strain in the medium and deforms the ground surface. Models which fit the observations within their uncertainties are retained and then winnowed down to those which are also compatible with seismic observations. Thus acceptable model faults must lie close to the mainshock focus, and the earthquake size must be compatible with the earthquake size measured seismically. The best fault model to emerge from this procedure was used to predict the deformation everywhere at the earth's surface.
Global Positioning System Network
Three-dimensional (horizontal and vertical) displacements of 12 GPS (Global Positioning System) monuments within 70 km of the 1992 Cape Mendocino earthquake epicenter, as well as 8 other stations located at greater distances, were determined from surveys conducted by the USGS in 1989, 1991, and one month after the mainshock in 1992 [Oppenheimer et al, 1993] . The steady deformation not directly related to the earthquakes (the secular strain accumulation) was then removed by using the displacement rate measured by the USGS at these sites by laser Geodolite during 1981-89. The peak horizontal displacement of 40±2 cm was found 13 km northwest of the epicenter (Fig. 2) . Some 11 GPS sites displayed horizontal displacement larger than measurement uncertainty; at only three sites was the vertical displacement significant (Table 1) .
Coastal Elevation Changes
The uplift of the Mendocino coastline killed marine intertidal flora and fauna that are sensitive to height above sea level. To estimate coseismic elevation change, Carver et al [1993] measured the vertical extent of the death of species affixed to the coastal rock outcrops. Mussels, barnacles and seaweed (Pelvetoipsis) gave the most reliable indicators along the 12 coastal points (Fig. 3c ). These observations of uplift supplement elevation change measurements furnished by the geodetic leveling network. At each site, we use the mean estimated height change from the three marine intertidal indicators, assigning half the difference in elevation change measured for the mussels and seaweed as the measurement uncertainty. Where only one species is present, we use the mean uncertainty of the redundant observations, 150 mm.
Leveling Network
The vertical deformation associated with the Cape Mendocino earthquake is inferred by subtracting elevations measured during 1931-1988 (Fig. 3a) by the National Geodetic Survey (NGS) from elevations measured during a post-earthquake survey conducted by the NGS during August-October 1992 (Fig. 3b) . Bench marks (BMs) common to both periods form the earthquake dataset (Fig. 3c) . Corrections for BM motion due to ground water fluctuations were made where feasible, unstable BMs were removed, a subset of BMs were deleted to create a uniform distribution of BMs within the network, and survey precision was assessed to assign uncertainty estimates to each section, or pair of BMs. where n is the number of runnings of the f1 double-run section, and h{ is the observed height of the section, in millimeters, and h is the average height of the n runnings. 
Leveling Error Analysis
Systematic Errors. All surveys were tested for slope-dependent errors associated with miscalibrated leveling rods [Stein, 1981] , but no significant errors were detected. The 1967 and 1988 surveys were also examined for magnetic-compensator error typical of leveling conducted between 1967 and 1988 with Zeiss Nil automatic-compensators [Ekstrom et al. 1991 ], but none was found. Subsidence due to ground water withdrawal was assessed along the inland route by examining elevation change measured before the earthquake during 1931,1967 and 1988 . BMs in the Eel river basin were found to have risen slightly during 1931-67 and to have subsided at a rate of up to 3.2 mm/yr during 1967-88. Since the subsidence is likely due to ground water withdrawal, and drought conditions continued through 1992, we corrected these coseismic 1988-92 elevation changes by the observed 1967-88 subsidence rate (Fig. 4) , assigning a 50% uncertainty to the correction in the numerical modeling. The northernmost BM along the coastal route was deleted, as it lies within the Eel river basin sediments, and we lack a wellconstrained subsidence correction for the BM.
Random Errors . Random leveling errors were assessed in two ways. First, the agreement between the forward and backward measurements of the height between BMs where sections were double-run, CCF-B, was computed for each survey (Table 2) . Then, the misclosure or disagreement in height measured around each leveling circuit, was calculated to find u-miscl (Table 3 ). In the absence of systematic errors, the two estimates of a should be equal, which generally obtains. Since misclosure estimates are made from a larger number of observations, we use the weighted average u.miscl of 3.20 mm for the 1935-42 preseismic surveys. Both 1935 and 1942 surveys traversed the line segment common to loops 1 and 2 ( Fig. 3a) , and they differ by 80 mm. Because the 1942 survey contains more double-run sections, and because misclosures with the 1942 surveys are slightly smaller (compare loops 1 and 2 to loops it and 2t in Table 3 ), we used the 1942 survey for the preseismic elevations. For the high-quality 1988 preseismic survey, we use a = 0.80 mm. For the postearthquake 1992 surveys, we use a = 0.85 mm, derived from the weighted average a of the three internal circuits (loops 1, 2, 3 in Fig. 3b ) and the external loop (1+2+3).
Deletions. Four BMs were removed from the data set submitted to numerical modeling because they showed elevation changes that differed markedly from adjacent marks. This left 22 BMs spaced 9 km apart and 12 marine coastal observations spaced 2. apart on the western side of the network, where the coseismic elevation change was large, and 74 BMs spaced about 1.5 km apart to the east, where the deformation was modest. Some 5 BMs that lie within 10 km of the 17 August 1991 M=6.2 Honeydew earthquake were also removed, as they recorded up to 15 cm of uplift associated with the 1991 earthquake ( Table 5 ). To avoid having most observations located where the least earthquake deformation occurred, we removed 60 BMs along the eastern route, making the BM spacing roughly uniform throughout the network (Fig. 3c) .
Network Signal to Noise. The difference in elevation change measured between successive pairs of adjacent leveling BMs is treated as an independent observation, weighted by its associated uncertainty. Thus for the leveling there is no common reference datum and only relative deformation between BMs is considered (Table 4a ). In contrast, each coastal marine observation is an independent measurement of elevation change relative to a sea level datum (Table 4b ). The signal to noise ratio of the leveling data alone is about 20; for the coastal data it is about 5. The combined signal to noise ratio of about 14 is quite high for datasets of coseismic elevation change.
Numerical Modeling of the Earthquake Deformation
Modeling Methodology. We treat the earth as an elastic half space, a medium with a flat upper surface that extends to infinite depth, and assign elastic modulii (or stiffness) that approximates observed earth behavior. Into this medium we embed an elastic dislocation a rectangular cut or fault at a given location with a specified length, width, inclination, and orientation. We then calculate how slip (shear displacement) of the fault will deform the earth's surface. This is equivalent to making a cut inside a stiff block of rubber, displacing the two sides of the cut past each other a fixed amount, and measuring how the surface of the rubber block has deformed as a result of the internal cut. At every point where we have a geodetic observation of the earthquake deformation (vertical or horizontal), we calculate the predicted deformation per meter of slip on the fault. We then find the value of fault slip which minimizes the difference between the predicted and observed surface displacements. The observations are weighted such that the most precise observations carry the most weight, following Marshall et al [1991] . A fault model is described by 8 parameters related to its location and orientation. Values for these 8 parameters are drawn at random to test faults with a broad range of Table 5 to locate observation sites.
geometries and positions, an approach known as the Monte Carlo procedure. In each test, the model residuals are compared to an estimate of the maximum tolerable residual consistent with the observations. The maximum is based on the number of parameters in the model, the number of observations, their associated uncertainties. Models that satisfy this criterion are saved; unsuccessful models are discarded. Out of 30 million models tested on a Sun computer, about 1,000 satisfied the data. The distribution of successful models furnishes an estimate of the uncertainty in the fault location, orientation, and slip. The single model which best predicted the observed surface deformation was then used to calculate the deformation at all points, including sites where we lack geodetic observations, such as regions far from the leveling or GPS networks (Map A) and offshore (Map B). The observed and predicted changes for this model are listed in Tables 1 and 5 .
Best-Fitting Model. To check that the fault model inferred solely from the geodetic data is sound, we compared the model to independent seismic observations. The M=7 mainshock epicenter lies at the base of the model fault, and the sides of the model fault are lined by aftershocks. In addition, the inclination of the model fault and its direction of slip are close to that found from seismic observations. (The 2 largest aftershocks, however, lie 10 km west of the model fault at significantly greater depth. These shocks appear to have struck on separate faults.) The upper edge of the model fault lies several kilometers below the seafloor, 1-10 km west of the coastline between Cape Mendocino and Punta Gorda. This explains why major surface faulting was not observed in Humboldt County. Although it is not known whether the fault ruptured the seafloor, it is likely that upwarping and some disturbance of the seafloor took place.
Disturbed Bench Marks and Structures in Humboldt County
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Estimated Offshore Deformation
Uplift of Shoals and Submerged Rocks. The predicted vertical deformation offshore Humboldt County is shown in Fig. 6 and Map B. The peak uplift of about 0.7 fathoms (1.3 m) lies 2.5-6 nautical miles (4.5-11 km) west of the coastline between Cape Mendocino and Punta Gorda. Submerged rocks and shoals are estimated to be uplifted as much as 1 m throughout this region. Near Cape Mendocino the predicted deformation gradients are high, with the result that Fauntleroy Rock is estimated to be uplifted by 0.55 fathoms, whereas 1 nautical mile to the northwest, Blunts Reef and The Great Break are unchanged from their pre-earthquake elevations (Fig. 6a) . In general, the southern flank of the Cape Mendocino shelf was uplifted the most by the earthquake, with all rocks now 0.45 fathoms (0.8 m) higher relative to sea level. Potential Sites of Submarine Faulting, Folding, and Landslides. The fault model for the Cape Mendocino earthquake does not reach the earth's surface. In other words, the fault may well be hidden from surface inspection. However, the model fault lies about 1 km below the seafloor, and the uncertainty on this depth is several kilometers. Thus it is quite possible that continuous or distributed faulting, with scarps offset by several meters lie offshore. The likely location of such faulting (at the 95% statistical confidence-level) is indicated by the region enclosed by the dotted line in Fig. 6 and Map B. Geologists have found no evidence for faulting at Cape Mendocino, which is the only site where the potential fault zone lies onshore. In addition, submarine landslides are often triggered by large undersea or coastal earthquakes. Such landslides can involve large volumes of seafloor sediments, and may occur in the steep submarine canyons. There is one report by fishermen of possible landsliding in the mouth of Mattole Canyon, based on changes in the bathymetry detected by depth sounding.
Change in Flood Plain Boundaries
Estimation Methodology. To study how the earthquake will alter the boundaries of flood plains in Humboldt County defined by the Flood Boundary and Floodway maps of the National Flood Insurance Program administered by FEMA, we undertook a series of calculations. We calculate the topographic slope along the edge of the flood plain, and calculate the slope change caused by slip on the Fault Model to obtain the new topographic gradient. Then we calculate the change in position of the flood plain boundary for a flood surface at the same elevation. 
Thus the earthquake will have the greatest effect in changing the flood plain boundary where the topographic slope is most gentle and the gradient in the vertical earthquake deformation is greatest.
Sites where the Flood Plain is Most Altered. The greatest deformation gradients occur near the coastline from Cape Mendocino to Punta Gorda. The community within this region most affected is Petrolia, at the confluence of the main and north forks of the Mattole River. There is neither a Flood Boundary and Floodway Map nor a Flood Insurance Rate Map for Petrolia, so here we make an example calculation of the impact on the flood plain boundary. The lowest topographic gradient, 1/140 (a = 0.41°), lies between the Mattole River and the west edge of town. The earthquake increased the topographic gradient by about 135 mm per km or 1/650 (P = 0.009°). At 21 m (70') above sea level, the flood plain boundary will shift to the north by about 62 m (200*) toward Petrolia from the river bed. This is the largest expected change; where topographic gradients near Petrolia are steeper, the flood plain boundary change will be correspondingly smaller.
Sites Covered by Flood Boundary and Floodway Maps. The Flood Boundary maps closest to the zone of major earthquake deformation lie in the Eel river flood plain. The deformation gradients at the southern end of Panel 1120 of 1900 (Between Rio Dell and Rhonerville in the Eel River flood plain), are less than 1/133,500, and the topographic gradients ranges from 1/266 at Waddington to 1/100 at Fortuna. This results in flood plain boundary changes of just less than 1 m, much smaller than the uncertainty in the mapped boundary, and thus inconsequential.
Future Earthquake Hazards in Humboldt County
Tsunami Hazards. The 1992 earthquake ruptured the southernmost 15 km of a major fault known as the Cascadia subduction zone, which extends 200 km to the north. The earthquake excited a 0.5-m-high tsunami (seismic sea wave) at Crescent City, and a 0.25 m-high wave at North Spit, near Eureka [Oppenheimer et a/., 1993]. Because the earthquake struck at low tide, the tsunamis did no damage. A much larger compressional earthquake, however, such as an M=8.5 earthquake forecast for the entire Cascadia subduction zone , could excite a tsunami of significantly greater height than produced by the Cape Mendocino shock. Not only would a large tsunami inundate communities along much of the Pacific Northwest coast minutes after the mainshock, but high water could persist for 8 hours at some localities.
Shaking Hazards. The Cape Mendocino earthquake sequence provides seismological and geodetic evidence that the motion between the offshore Gorda tectonic plate and the North America tectonic plate east of the Oregon and northern California coastline causes large compressional earthquakes on gently inclined 'thrust' faults: On these faults, the north American continent overrides the Pacific seafloor. In addition to the permanent ground motion and intense shaking generated by such shocks, the main shocks can trigger equally hazardous aftershock sequences on land. The 1992 mainshock ruptured only a small part of the plate boundary and apparently did not trigger slip on any of the recently active thrust faults observed onshore . Thus, given the high level of historical seismicity and emerging picture of many active faults, the region is likely to continue experiencing significant seismicity. Inspection of the integrity of engineered structures within Humboldt County would thus be a wise investment to promote the future safety and economic viability of the County.
Appendix I Annotated NGS Descriptions of Disturbed Bench Marks Listed in Table 6 (Sites subject only to groundwater withdrawal not included) The 25 April 1992 magnitude 7.1 Cape Mendocino thrust earthquake demonstrated that the North America-Gorda plate boundary is seismogenic and illustrated hazards that could result from much larger earthquakes forecast for the Cascadia region. The shock occurred just north of the Mendocino Triple Junction and caused strong ground motion and moderate damage in the immediate area. Rupture initiated onshore at a depth of 10.5 kilometers and propagated up-dip and seaward. Slip on steep faults in the Gorda plate generated two magnitude 6.6 aftershocks on 26 April. The main shock did not produce surface rupture on land but caused coastal uplift and a tsunami. The emerging picture of seismicity and faulting at the triple junction suggests that the region is likely to continue experiencing significant seismicity.
On 25 April 1992 at 18:06 (UTC), a surface wave magnitude (Ms) 7.1 earthquake occurred near the town of Petrolia, California (Fig. 1) . The main shock was followed the next day by two M$ 6.6 aftershocks at 07:41 and 11:41, located offshore about 25 km west-northwest of Petrolia. These three earthquakes and more than 2000 recorded aftershocks illuminated the configuration of the Mendocino Triple Junction, where the Pacific, North America, and southernmost Juan de Fuca (Gorda) plates meet. The occurrence of a M 7 earthquake is not unusual at the triple junction; over 60 earthquakes of Modified Mercalli intensity > VI (J) or M S 5.5 have occurred there since 1853 (2). However, this earthquake sequence may have provided the first direct evidence of interplate seismicity and thus impacts regional hazard assessment. In this article, we describe geophysical and seismological observations and discuss implications for seismic hazards in the Pacific Northwest.
Damage estimates ranged from $48 mil-lion to $66 million and President Bush declared the region a major disaster area. Much of the damage resulted from the main shock; however, fires triggered by the first large aftershock destroyed most of the Scotia shopping district, and both large, off-shore aftershocks caused additional structural damage. The relatively low incidence of injuries and structural damage caused by this sequence is primarily the result of low population density and the predominance of small, wood frame structures in the epicentral area. The sequence caused 356 reported injuries, destroyed 202 buildings, and caused damage to an additional 906 structures primarily in the towns of Petrolia, Femdale, Rio Dell, Scotia, and Fortuna ( Fig. 1) (3) . It also triggered numerous landslides and rock falls and caused widespread liquifaction in local river valleys. Analysis of 1296 surveys in the north coast area indicate that the Modified Mercalli intensity peaked at IX in the Petrolia region and decreased in approximately a radial pattern around the epicenter (Fig. 1) . Both of the two large aftershocks produced peak intensities of VIII, although the pattern was somewhat different from the main shock.
Tectonic Setting
The Cape Mendocino earthquakes are a response to ongoing plate motions between the Gorda, North America, and Pacific plates at the Mendocino Triple Junction. The Gorda plate is converging on the North America plate at about 2.5 to 3 cm/year in the direction N50°E to N55°E (4). The seaward edge of Gorda plate subduction is marked by an abrupt change in sea-floor topography and by the western limit of the accretionary prism imaged in seismic reflection profiles (5) . Active folds and thrust faults in Franciscan Complex and Cenozoic rocks and sediments of the overriding North America plate are parallel to the seaward edge of the Cascadia subduction zone (6) . Rigid plate theory predicts oblique convergence of the Gorda plate with the Pacific plate at 5 cm/year in the direction Nil 5°E (4). Translational motion occurs along the east-west-trending, vertical, right-lateral Mendocino transform fault, whereas the convergence results in internal deformation of the Gorda plate. The attendant Gorda plate seismicity recorded in the 17 years before the Cape Mendocino sequence (7, 8) (Fig. 2) has been concentrated in two parallel zones with a combined thickness of approximately 15 km. In the region of the Cape Mendocino earthquake, most seismic-ity locates at depths greater than 17 km; the hypocenter zone dips about 6° eastward between 124.75° and 123.25°W, at which point the dip increases to about 25° (9) . Most M > 5 earthquakes within the Gorda plate exhibit left-lateral motion on steep northeast-oriented faults (7, 10) that relieve convergence between the Gorda and Pacific plates through slip on preexisting planes of weakness inherited at the Gorda Ridge (11) .
The San Andreas fault marks the principal Pacific-North America plate boundary south of the Mendocino Triple Junction. Triangulation data and observations of ground cracks indicate the fault ruptured as far north as Point Delgada in 1906 (12), but its location farther north is uncertain. Some studies place it immediately offshore (13), but others suggest that it merges with onshore faults at the triple junction (5). Geometry requires that the Pacific plate is also in contact with the North America plate along the Mendocino fault above the subducting Gorda plate.
Until the Cape Mendocino earthquake, few earthquakes were recorded with focal mechanisms that indicated slip on the Cascadia subduction zone. However, comparisons of the age, spreading rates, physiogra-40°-phy, and seismicity of the Juan de FucaGorda plate system with other subducting plates suggest that it does not subduct aseismically but instead is locked and capable of generating major earthquakes (14) . Paleoseismic evidence of large, late Holocene subduction earthquakes is present along the subduction zone in submerged and buried wetlands (15) , raised marine terraces (16) , and surface displacement on thrust faults that may be genetically related to large subduction events (17) . Radiocarbon dating indicates that at least three episodes of seismicity of similar age are represented in the stratigraphy from central Washington to northern California in the last 2000 years; the last episode occurred at about 1700A.D. (17) .
Observations
Seismicity. The hypocenter of the 25 April 1992 main shock was located 4 km east of Petrolia at a depth of 10.6 km (Fig. 3) . A focal mechanism determined by the inversion of teleseismic mantle Rayletgh waves and aftershock locations indicate nearly pure thrust motion on a N10°W-striking fault plane that dips 13° to the east-northeast (18) ( Table 1 ). The location of the hypocenter at the southeast end of the aftershock zone suggests that the fault ruptured unilaterally to the west (19) . Most aftershocks <12 km deep (Fig. 3, circles) occurred within 10 km of the coast in a region bounded on the east by the mainshock epicenter, on the south by the Mendocino fault, and on the north by a westnorthwest trend of earthquakes. The location, depth, and orientation of the rupture plane are consistent with the absence of surface faulting onshore.
The two M, 6.6 aftershocks were located 30 km west of the main shock at depths near 20 km, and their mechanisms indicate right-lateral, strike-slip motion on planes striking to the southeast (20) (Fig. 3 and Table 1 ). The slip plane of the first after- shock is unknown because of the paucity of aftershocks. However, the second aftershock was located within a trend of smaller aftershocks at depths of 14 to 30 1cm on a southeast-striking plane that dips about 80° to the southwest (Fig. 3B , cc'); this orientation is consistent with the focal mechanism. The depths and mechanisms of the two large aftershocks provide evidence that rupture took place on faults in the Gorda plate, distinct from the main shock fault.
Although no large shocks ruptured the Mendocino fault during this sequence, many aftershocks occurred on the eastward projection of the fault (Fig. 3) . The aftershock activity was bounded on the south where the distribution of hypocenters is near vertical and extends to a depth of 25 km (Fig. 3B, bb' )-If this marks the boundary between the Gorda and Pacific plates, then the lack of any aftershocks in the Pacific plate suggests that the main shock represented strain release between the Gorda and North America plates. The mapped location of the Mendocino fault in this region is uncertain (5) , and this east- west trend of seismicity may define the position of the Mendocino fault.
Source properties. The mechanism and location of the two aftershocks were similar, but the second aftershock exhibited a strong variation of amplitude with azimuth (Fig. 4) . The seismic moment of the second aftershock was approximately twice that of the first, but amplitudes of the P wave for this event were as much as 10 times as large near an azimuth of 130°. This variation is most easily attributable to enhancement of the amplitude in the direction of rupture, known as directivity (21) . Directivity in P waves is surprising because it requires rupture velocities that are a large fraction of the P wave velocity. The high amplitudes and strong high-frequency content associat- ed with the second aftershock may explain some of the differences in the intensity patterns for the main shock and two aftershocks. Although the second aftershock had 25% of the moment of the main shock, it has larger velocity amplitudes at stations to the southeast, such as ISA. The difference in both Modified Mercalli intensity and broad-band velocity records between the main shock and the second aftershock was probably enhanced by rupture propagation to the west during the main shock as inferred from the location of the hypocenter at the down-dip end of the rupture plane.
The strong ground motions of the main shock and two aftershocks were recorded on 14 instruments at epicentral distances of 5 to 130 km (Fig. 1) , and the peak accelerations were some of the highest ever recorded (22) . Recordings of the main shock at Petrolia and Cape Mendocino (Fig. 5) at epicentral distances of 5 and 10 km, respectively, have absolute time, facilitating the analysis of rupture evolution on the fault. Modeling of the large, long-period pulse that occurred 1 s after the main shock began (Fig. 5 , EP1 and ES1 ) with generalized ray theory indicates that this pulse originated from slip that occurred about 5 km up-dip from the hypocenter, beneath Petrolia. This result is consistent with the arrival times and polarities of the vertical P waves and horizontal S waves at both stations. In addition, the P wave first motions were upward and northwestward at Cape Mendocino. These motions indicate that the source was southeast of the station. This source location is consistent with the westsouthwest direction of rupture determined from teleseismic surface waves (19) , although that study inferred that the rupture initiated offshore. A large, high-frequency pulse (Fig. 5, E2 ) followed the long-period pulse at Cape Mendocino and exceeded Ig on both horizontal components. This pulse was not discernible at the neighboring Petrolia station; thus, it cannot be explained simply by source effects but may represent motions that were generated or amplified locally near the Cape Mendocino station. 
43S
Coseismic displacement. The elastic strain released by the main shock caused significant horizontal and vertical deformation in the epicentral region. The main shock elevated about 25 km of the coast from 3 km south of Punta Gorda to Cape Mendocino (Fig. 6 ). Many intertidal organisms inhabiting rocky reefs perished in the 3 weeks after the main shock. Maximum uplift was 140 ± 20 cm at Mussel Rock and 40 to 50 cm at the northernmost reef at Cape Mendocino (23). The lack of rocky intertidal environments farther north precluded the precise location of the northern limit of the uplift, but several near-shore rocks located about 7 km north of Cape Mendocino showed no evidence of uplift.
Coseismic horizontal and vertical site displacements in a regional geodetic network (Fig. 6) were determined from Global Positioning System (GPS) surveys in 1989, 1991, and 1 month after the main shock. The relative positions of most sites near the epicenter were measured shortly after the 17 August 1991 Honeydew earthquake [body wave magnitude (mb) 6.0], which occurred 6 km south of the Cape Mendocino epicenter. The coseismic displacements were determined by comparison of the 1989 to 1992 observations, except in the vicinity of the Honeydew event where the 1991 survey was referenced. All displacements were corrected for secular strain accumulation estimated from Geodolite trilateration measurements made between 1981 and 1989. A site 13 km northeast of the epicenter had the largest measured coseismic displacement, moving 40 ± 2 cm to the westsouthwest and subsiding 16 ± 8 cm.
Our preferred uniform-slip fault model (24), estimated from the coseismic site displacements and coastal uplift observations, indicates 2.7 m of nearly pure thrust motion occurred on a gently dipping fault plane. This model, chosen from a suite of acceptable models (24), is consistent with the main shock focal mechanism, the hypocenter location, and the distribution of aftershocks ( Fig. 6 and Table 2 ). The range of geodetic moment inferred from the ac- ceptable models is 2.5 x 1026 to 3.5 x 1026 dyn-cm, about 60% of the main shock seismic moment (Table 1) . The model predicts a maximum uplift along the coast that is consistent with but somewhat less than the observed uplift. More complex models that use nonuniform slip to describe the rupture may improve these estimates of uplift and geodetic moment. Tsunami. The main shock generated a small tsunami recorded by tide gauges along the California, southern Oregon, and Hawaii coastlines (Fig. 7) . The largest tsunami amplitudes were recorded at Crescent City, California, where two well-defined packets of wave energy were recorded within the first 5 hours with maximum positive heights of 35 and 53 cm. Neither the precise arrival time nor ?SiC polarity of the first wave are clear because of the presence of background noise. However, the first packet of wave energy is consistent with the predicted travel time of 47 min for a wave ray path that traversed deep water. The second wave packet probably represents coastal trapped waves, or edge waves, having much slower velocities and amplitudes that rapidly decrease with distance offshore. Because the tsunami arrival nearly coincided with low tide at Crescent City, the wave did not cause any damage. The tsunami at Crescent City had an 8-hour duration; wave heights reached a maximum 3 to 4 hours after the first arrival. Tide gauges also recorded the initial arrival and subsequent edge waves at North Spit (Eureka, California) (20 min and 2.5 hours), Arena Cove (35 min and Southeast corner of fault plane form rigidity of 3 x 10 11 dyn/cm2 tAssumes uni-3.5 hours), and Point Reyes (65 min and 3 hours).
Motion on the Plate Boundary
Interplate main shock. The main shock fault projects to the sea floor within 5 km of the seaward edge of the Cascadia subduction zone (25) (Fig. 3) , suggesting that the main shock ruptured the Gorda-North America plate boundary. In contrast, the upper boundary of the pre-main shock seismicity, which is 7 km deeper than the main shock rupture plane (Figs. 2 and 3) , projects to the surface about 85 km west of the Cascadia subduction rone and thus does not appear to define the plate boundary. The seismicity gap between the slip plane of the main shock and the pre-main shock seismicity is about the same thickness as the Gorda crust and overlying accretionary sediments, as determined from refraction experiments 10 km east of the seaward edge of the subduction rone (26) . The gap may reflect a ductile subducted Gorda crust, and the inception of seismicity at a depth of 17 km may reflect brittle behavior of the Gorda upper mantle (27) . Tabor and Smith (28) reached a similar conclusion from their observations of seismicity and velocity structure of the Juan de Fuca plate beneath the Olympic peninsula of Washington.
However, an inversion for the threedimensional velocity structure of the region indicates that velocities typical of Gorda crust are evident at depths greater than 15 to 20 km (29) . Moreover, modeling of thermal effects on the strength of the subducting oceanic lithosphere (30) suggests that the double seismic layers observed at depths of 20 and 30 km (Fig. 2) reflect, respectively, the brittle upper crust and upper mantle of the Gorda plate; the intervening, relatively aseismic region would correspond to the ductile lower crust. Consequently, these studies suggest that the Cape Mendocino main shock was an intraplate event in the North America plate. Whether the main shock was an inter-or intra-plate event, the Cape Mendocino main shock clearly relieved strain resulting from the relative Gorda-North America plate morion. We note, however, that the main shock ruptured a region of the plate boundary that differs considerably from the boundary farther north, as indicated by the change in its orientation from north-northwest to northwest (5), the relatively narrow width of the plate, the likely presence of subducted sediments in the region of main shock rupture, and its younger age (4). Thus, this earthquake may not be typical of other Cascadia subduction zone earthquakes.
Intraplate aftershocks. The location, depth, and focal mechanisms of the two large aftershocks indicate that they ruptured the Gorda plate. The seismic data indicate that right-lateral slip occurred on a vertical, northwest-oriented fault plane for at least the second event. For most earlier Gorda shocks, rupture occurred as leftlateral slip on a northeast-oriented plane, perhaps because this orientation may allow reactivation of normal faults formed at the Gorda spreading ridge (11) . From a consideration of stress release, either orientation reduces north-south compressional stress and down-dip tension in the Gorda plate, but rupture of the northwest-oriented plane may have been favored because of the static stress changes imposed by the main shock and, perhaps, the first aftershock.
To test this hypothesis, we modeled the changes in static stress (31) imposed by the main shock (Table 2 ) on three vertical fault planes: the east-west-oriented Mendocino fault, the possible N40°E-oriented slip plane of the first large aftershock, and the N50°W-oriented fault of the second large Gorda aftershock. Large regions of the northwest-oriented fault and the Mendocino fault received an increase in rightlateral shear stress greater than 3 bars and equally large increases in normal extension resulting from the main shock. Both the increase in right-lateral shear and the increased extension would bring both of these right-lateral faults closer to failure under a Coulomb failure criterion for nonzero coefficients of friction. About 90% of the aftershocks within 4 km of the Mendocino fault and the northwest Gorda fault occur where the modeling predicts the stress changes should load these faults toward failure for coefficients of friction ranging from 0.0 to 0.75. Thus, static stress changes may have helped trigger aftershocks along these two faults.
The model also indicates that static stress changes induced by the main shock are slightly more favorable for failure on a northeast-striking, left-lateral fault plane in the location of the first large aftershock, primarily because of a decrease in normal stress. In consideration of the present rela- tive hypocentral locations of the two larg aftershocks, slip on the northeast-oriente plane of the first aftershock would hav added minor left-lateral shear to the north west-oriented plane of the second aftei shock but would have greatly decreased th normal stress on this plane. This scenari provides a simple mechanism in which th first aftershock helped trigger the seconc similar to the scenario proposed for th Elmore Ranch-Superstition Hills pair c earthquakes (32) .
Hazard implications. The Cape Mendc cino earthquake sequence provided seismc logical evidence that the relative motio between the North America and Gore plates results in significant thrust earth quakes. In addition to the large groun motions generated by such shocks, they ca trigger equally hazardous aftershock se quences offshore in the Gorda plate and o the Gorda-Pacific plate boundary. This se quence illustrates how a shallow thrus event, such as the one of moment magn tude (Mw) 8.5 that is forecast for the entir Cascadia subduction zone (14) , could gen erate a tsunami of greater amplitude tha the Cape Mendocino main shock. Not on! would this tsunami inundate communitie along much of the Pacific Northwest coa within minutes of the main shock, but could persist for 8 hours at some locale The 25 April 1992 main shock rupture only a small pan of the plate boundary an apparently did not trigger slip on any of th Holocene shallow thrust faults observe onshore in the triple junction region (17 Thus, given the high level of historic; seismicity and the emerging picture of man active faults, the region is likely to continu experiencing significant seismicity.
23. Where colonies of organisms were completely killed, the vertical range of the organisms represents a minimum measure of the uplift. On some reefs, only the upper parts of some colonies of plants arid sessile animals, such as mussels, died. The vertical extent of mortality in these colonies provided the best basis for estimates of the amount of uplift. The mean and standard deviation of the vertical extent of mortality for each colony (Fig. 6, inset) is estimated from multiple measurements made by a laser total station with an instrument precision of 1 mm. 24. We assumed that slip is uniform on a rectangular, planar fault embedded in an elastic half space. We performed a Monte Carlo search of the parameters describing the geometry of the fault plane and, for each geometry, used the horizontal and vertical GPS and coastal-uplift data to estimate the magnitude and rake of the slip vector. The scatter of the residuals for the best fitting models, including our preferred model (Table 2) , is 2.2 times the a priori observational errors An F-ratio test indicates other models with residual scatter less than 2 6 times the a priori errors do not differ significantly from the best fitting model? at the 95% confidence level 25. In the projections, we assumed that faults are planar, the ocean depth is 2.3 km at the seaward edge of the Cascadia subduction zone at the latitude 40<'27'N, and the mean elevation of the seismic network is 0.9 km. Main-shock parameters are from Table 1 . We assumed the upper
